Abstract: The eastern Aquitaine basin and North Pyrenean Zone show many characteristics of retro-wedge models. However, they differ significantly in that slow subsidence and low deformation continued throughout orogenesis so that growth and steady-state phases cannot be distinguished. We show that the eastern Pyrenees record two clear phases of convergence and probably never attained steady state. Analysis of the Aquitaine retro-foreland basin along the Ariege ECORS deep seismic line, eastern French Pyrenees, integrates a new litho-and chronostratigraphy, subsidence analysis, low-temperature thermochronology data, new interpretations of seismic lines and a balanced cross-section. Within an overall regression, two shallowing-up cycles (Latest Santonian-Danian, Thanetian-Oligocene) record slow tectonic subsidence of the eastern Aquitaine basin separated by a quiet period. Continuing thick-skinned shortening was low to moderate. The early marine basin, generated by loading of the weak, extended margin, was supplied axially from an unknown eastern edifice while the young Pyrenean orogeny to the south remained submerged. During the quiet period of ultra-slow subsidence, no basin migration and negligible sediment supply, continental conditions characterized the eastern orogen. The second marine transgression was quickly followed by continental conditions. The basin was supplied by the now emerging Pyrenean orogen and continued to subside until Miocene time.
Foreland basins develop at the external boundaries of orogens during convergence as a result of the loading of the lithosphere (Dickinson 1974; Allen et al. 1986) . The evolution of these flexural basins is intimately linked to the evolution of the orogen and the rheological properties of the loaded lithosphere (Watts 2001; Sinclair 2012) and their sediments record the various stages of orogenic growth history. Orogens have been described as dynamic systems that tend toward equilibrium or steady state in which the creation of topography by tectonic uplift is balanced by its destruction by erosional processes (Willett & Brandon 2002 ). An orogen will grow until steady state is attained, at which point the orogen is said to be mature. If this concept is to be useful we must be able to distinguish the growth and steady-state phases in the geological record.
A retro-wedge and its foreland basin develop on the upper plate and have distinct characteristics compared with the pro-wedge and its foreland basin, which develop on the lower, subducting plate. It is predicted that the behaviour of these two wedges changes as the orogen passes from growth to steady state. Numerical models (Willett et al. 2003; Hoth et al. 2008; Naylor & Sinclair 2008; Sinclair 2012; Sinclair & Naylor 2012; Erdös et al. 2014) suggest the following: (1) a retro-wedge accommodates relatively little shortening; (2) retro-wedge deformation style is predominantly thick-skinned and shortening should occur mainly early in orogenic convergence (growth phase) whereas later deformation switches into the pro-wedge; (3) the retro-foreland basin should not migrate significantly outward except in response to sediment loading; (4) its sedimentary fill records the full orogenic history with a condensed succession (little or no subsidence) during the later steady-state phase. These characteristics refer to mature orogens, which have undergone both growth and steady-state phases. However, if convergence is not sufficient to reach steady state, orogens and their forelands will record only the growth phase. What are the characteristics of 'immature' retro-wedge systems and how can we recognize them?
As well as being controlled by orogen evolution, foreland basin behaviour depends on the rheology (expressed principally by its elastic thickness) and inherited structure of the lithosphere (Watts 2001) . Most commonly, in the Wilson plate-tectonic cycle, convergence and orogenesis follow plate divergence, expressed as rifting and, eventually, seafloor spreading. The distribution, style and intensity of continental lithospheric thinning will directly control plate elastic thickness variations (e.g. Watts 2007) . New data and models indicate that some margins can undergo localized and extreme lithospheric extension leading to mantle exhumation before the onset of seafloor spreading (i.e. hyper-extension). This generates a relatively narrow zone of intensely thinned lithosphere, associated with exhumed mantle and high heat flow (e.g. Tugend et al. 2014, and references therein) . How does such a narrow zone of thinned lithosphere respond to orogenesis and to flexural loading? More specifically, what influence does this pre-orogenic template have on the geometry and evolution of the retro-wedge and its foreland basin?
The Pyrenean orogeny, generated by the convergence of the Eurasian and Iberian plates from Late Cretaceous to Oligocene times, generated a pro-wedge on the southern, Iberian (lower) plate and a retro-wedge on the northern European (upper) plate. The retrowedge fold-and-thrust belt (North Pyrenean Zone) comprises the inverted zones of Early Cretaceous hyper-extension and mantle exhumation (Jammes et al. 2009 (Jammes et al. , 2010 Clerc et al. 2012; Vauchez et al. 2013) . In contrast, the South Pyrenean thrust belt developed on relatively thick Iberian lithosphere (Vergés et al. 1998 (Vergés et al. , 2003 . The orogen has two foreland basins, the Ebro basin to the south and the Aquitaine basin to the north. The Late Cretaceous-Oligocene Aquitaine foreland basin is probably the best-explored retroforeland system in the world. However, as yet there are few published analyses of its infill and geodynamic history (Sinclair et al. 2005; Biteau et al. 2006; Naylor & Sinclair 2008) . This paper presents a tectonic and geohistory analysis along a transect through the east Pyrenean retro-wedge and foreland basin integrating the Ariege ECORS deep seismic line Roure et al. 1989) . Using a new Mesozoic-Cenozoic litho-and chronostratigraphy of the eastern foreland, we reconstruct foreland basin geometry, subsidence and deformation history and link it to the progressive inversion of the hyper-extended rift system. We show that the eastern Pyrenees records a two-phase north-south convergence. Shortening was relatively low in amount and in rate, and foreland basin subsidence was correspondingly low. We suggest that the behaviour of the eastern Aquitaine retro-foreland basin indicates that the Pyrenean orogen never reached a steady-state configuration.
Regional setting and tectonic history
Plate reconstructions and syn-orogenic stratigraphy indicate that convergence between the Iberian and European plates initiated in the Late Santonian (around 84 Ma) and continued into the Oligocene (Dubois & Seguin 1978; Roure et al. 1989; Muñoz 1992; Gély & Sztrakos 2001; Serrano et al. 2001; Schettino & Scotese 2002) . The Aragonese-Catalan Pyrenees comprise five tectonostratigraphic zones (Fig. 1) . The southern pro-wedge on the Iberian plate comprises the Ebro foreland basin and the South Pyrenean Zone, a south-verging fold-and-thrust belt (Vergés et al. 1998) . The Axial Zone is a south-verging imbricate stack of Variscan basement slices (granitoids, metamorphic basement and their Palaeozoic cover). The northern retro-wedge comprises the North Pyrenean Zone and the Aquitaine foreland basin Déramond et al. 1985 , Biteau et al. 2006 . To the east the Neogene opening of the Gulf of Lion overprints the orogen (e.g. Mauffret et al. 2004; Gunnell et al. 2008) .
The North Pyrenean Zone is a narrow (25-35 km) fold-and-thrust belt lying between the North Pyrenean Frontal Thrust and the steep North Pyrenean Fault to the south (generally accepted to represent the plate boundary or suture zone). The North Pyrenean Zone comprises deformed Triassic to Cenomanian successions overlying Variscan basement (Déramond et al. 1985; Baby et al. 1988 ).
Deformation style is generally thick-skinned but with a Keuper evaporite décollement level. To the north, the Aquitaine foreland basin is deformed principally in the narrow Sub-pyrenean Zone (Fig. 2) , immediately north of the North Pyrenean Frontal Thrust.
The pre-convergence crustal template was complex and highly non-cylindrical. There were two main phases of Mesozoic extension or transtension. Triassic to Late Jurassic transtension (Curnelle et al. 1980; Biteau et al. 2006 ) occurred in an east-west zone linking the Tethys and Atlantic oceans (Schettino & Turco 2010; Vergés & Fernandez 2012) . A second rifting phase from the Aptian to Cenomanian resulted in exhumation of mantle rocks and the opening of restricted, deep marine basins along the whole Pyrenean chain (Debroas 1987 (Debroas , 1990 Lagabrielle & Bodinier 2008; Jammes et al. 2009; Lagabrielle et al. 2010; Clerc et al. 2012; Tugend et al. 2015) . Iberian plate movement during this phase is controversial (Olivet 1996; Rosenbaum et al. 2002; Sibuet et al. 2004; Jammes et al. 2009; Vissers & Meijer 2012a,b) . The opening of the Bay of Biscay is often related to an Aptian 35°anticlockwise rotation of Iberia relative to the European plate (Puigfabregas & Souquet 1986; Vergés & Garcia-Senz 2001; Gong et al. 2008) . However, there is no consensus regarding the exact timing and amount of this rotation, or the location of the pole of rotation (Rat 1988; Uchupi 1988; Schettino & Scotese 2002; Canérot et al. 2005; Jammes et al. 2009 ). The original width and form of the area of mantle exhumation cannot be constrained. Although not quantified, the amount of stretching is believed to have varied from east to west, with eastern areas thought to have been more highly extended (Jammes et al. 2009; Clerc & Lagabrielle 2014) , on the basis of the distribution of K-magmatism and syn-extension high-temperature-low-pressure metamorphism of Aptian-Albian synrift successions, with highest outcropping temperatures in the east (Golberg & Leyreloup 1990; Clerc & Lagabrielle 2014 , and references therein).
The orientation of Pyrenean compression was relatively consistent (north-south to NNE-SSW). Most Pyrenean shortening was accommodated in the southern pro-wedge (Muñoz 1992; Beaumont et al. 2000) . Although some researchers have invoked a significant strike-slip component during Pyrenean deformation, in particular along the North Pyrenean Fault (e.g. Choukroune 1974; Soula & Bessiere 1980; Canérot et al. 2005) , more recent workers have concurred that the main sinistral strike-slip motion between Iberia and Europe occurred before the Cenomanian (e.g. Lagabrielle et al. 2010) . However, conclusive field data to resolve this issue are still lacking.
As Roure et al. 1989) , the Iberian plate underthrust northward to a minimum depth of 80 km. Estimates of north-south plate convergence vary considerably. Olivet (1996) estimated plate convergence to be greater than 150 km based on plate kinematics whereas, more controversially, Sibuet et al. (2004) proposed 400 km based on analysis of magnetic anomalies in the Bay of Biscay. By restoring to normal crustal thicknesses (c. 30 km), balanced sections along the central deep seismic ECORS profile give estimates of crustal shortening of 100-165 km (Déramond et al. 1985; Roure et al. 1989; Muñoz 1992; Vergés et al. 1995; Beaumont et al. 2000) . Plate reconstructions (Olivet 1996) and restoration of the Basque-Cantabrian Pyrenees ECORS section (Teixell 1996 (Teixell , 1998 both indicate that shortening was lower in the west (Choukroune et al. 1973; Olivet 1996; Rosenbaum et al. 2002) . A more recent restoration of the central ECORS profile integrating a thinned pre-convergence lithosphere gives a total plate convergence of 142 km of which 50 km is required to close the zone of mantle exhumation. Some 90 km of crustal shortening was absorbed in the central Pyrenees and further shortening was distributed across the Iberian plate (e.g. Iberian ranges). When taken together, the restorations of Teixell (1996 Teixell ( , 1998 and Mouthereau et al. (2014) imply that the eastern and western Pyrenees may have accommodated similar crustal shortening (<100 km).
The western and eastern zones of the Aquitaine Basin are separated by the Toulouse Fault, a major NNE-SSW-trending crustal fault zone inherited from the Variscan orogen ( Fig. 1 ; Souquet et al. 1977) . The deformational and subsidence behaviour of these basin compartments differ significantly. West of the Toulouse Fault, the foreland basin succession overlies a Jurassic to Cretaceous synrift series including Triassic Keuper evaporites. The basin therefore developed on a lithosphere thinned by Mesozoic extension, with crustal thinning increasing westward. The Aquitaine basin infill also thickens westward. The basin widens abruptly westward to over 150 km at the coast (BRGM et al. 1974; Plaziat 1981; Desegaulx et al. 1991; Brunet 1994; Sztrakos et al. 1997 Sztrakos et al. , 1998 Biteau et al. 2006) . From Santonian to Early Ypresian (Ilerdian) time, marine platform conditions passed westward to deep-water environments, after which the basin fill became predominantly continental in character but always with a marine influence from the west (Biteau et al. 2006) . The passage from underfilled to overfilled was diachronous, becoming younger from east (Late Ypresian) to west (Bartonian). Growth strata and progressive unconformities (Razin 1989; Déramond et al. 1993; Serrano et al. 2006 ) record wedge-top conditions (DeCelles & Giles 1996; Ford 2004) . Oligocene to Pliocene molasse sedimentation includes the Gers and Lannemezan alluvial fans (Late MiocenePliocene), which are generally considered to be post-orogenic.
East of the Toulouse Fault ( Fig. 1) and north of the North Pyrenean Frontal Thrust Upper Cretaceous to Eocene strata onlap directly onto Palaeozoic basement, unaffected by Mesozoic extension (the Carcassonne High). The preserved foreland basin is considerably narrower (45 km) and its succession is notably thinner than to the west. North of the Sub-pyrenean Zone, basement uplifts affect the foreland across the Carcassonne High (e.g. Mouthoumet and Alaric massifs) becoming more important and numerous toward the east.
Foreland stratigraphy
Borehole data, combined with published and BRGM data, were used to construct a coherent chrono-and lithostratigraphy along the ECORS transect (Figs 3 and 4) . The stratigraphy of the Upper Cretaceous to Ypresian succession of the Aquitaine basin has been intensely studied since the 1960s so that biostratigraphical ages are well constrained (see below, and Christophoul et al. 2003, for review) . This study is part of a larger project for which the Mesoeoic-Cenozoic stratigraphy has been revised and correlated (Rey et al. 1977 ; location shown in (a)) and using the new lithostratigraphic groups as defined in this paper (regional ages indicated in legend).
across the whole Aquitaine basin (ANR PYRAMID; Grool et al. 2014; Ngombi-Mavoungou et al. 2014; Rougier et al. in press) . Data have been used to construct a coherent east-west regional chronostratigraphic model for the proximal foreland basin, taking into account the diachronous evolution of sedimentation owing to east to west migration of facies belts (Christophoul et al. in preparation) . As a result of foreland basin migration (Fig. 2a) , stratigraphic boundaries are also diachronous in a north-south direction; our age estimates in various boreholes along the ECORS transect take this into account as described below. Assigned ages give precedence to our regional compilation of literature rather than well logs, which can often assign erroneous ages to units. The ages of the youngest units involve the highest uncertainty (Carcassonne Group). Absolute age estimates are derived from the 2012 ICS Geological Time Scale (Gradstein et al. 2012) .
All boreholes used on the ECORS transect are vertical with no more than 1°deviation (wells drilled between 1947 and 1984) . Original borehole data (available on the website infoterre.brgm.fr) detail lithology, fossil content, ages, depth of stratigraphic boundaries and dip data. The quality of these data is variable, so that it can sometimes be difficult to place lithological boundaries with confidence. Well-site geologists often used inappropriate formation names (in terms of geographical range, age or lithology of a formation). Using the formation definitions, ages and geographical ranges of the BRGM, summarized by Monod et al. (2014) , we have harmonized borehole logs to build a coherent regional stratigraphy. As an example, Figure 3a shows the original log description of borehole CZ-1 and our stratigraphic units.
Fourteen newly defined lithostratigraphic groups (Triassic to Cenozoic; Fig. 2b ) integrate established formation names. Here we describe only the eight post-Cenomanian groups as only these occur north of the North Pyrenean Thrust Front along the ECORS line, where eight wells reach Palaeozoic basement (Figs 3b and 4) . Several of these groups are laterally equivalent owing to east-west facies changes (Petites Pyrénées-Plantaurel, Rieubach-Aude Valley). We therefore give their regional age range (indicated in Fig. 2b ) as well as an age estimate along the ECORS transect.
We have defined 12 lithofacies associations (LFA) within the foreland and Sub-pyrenean zones (Fig. 3, inset) based on sedimentary descriptions and palaeogeographical maps (BRGM et al. 1974) .
Post-rift, pre-orogen: Grey Flysch Group (regional age range mid-Cenomanian to end-Santonian; age range on section Turonian to end-Santonian 93-83.6 Ma)
The Grey Flysch Group (Flysch Gris) was deposited over a wide area from the Axial Zone to the Aquitaine platform from midCenomanian to end Santonian time. The succession thickens southward and westward into the Sub-pyrenean Trough (or Flysch Trough), where deeper water facies occur (BRGM et al. 1974; Dubois & Seguin 1978) , reaching thicknesses of more than 1500 m (Monod et al. 2014) . In the North Pyrenean Zone, the Grey Flysch Group unconformably overlies Aptian to Early Cenomanian extensional basins (Bilotte 1985) and Palaeozoic basement blocks. North of the North Pyrenean Frontal Thrust, a thin Grey Flysch Group succession onlaps directly onto Variscan basement of the Aquitaine platform and pinches out to the north. Assuming a constant onlap rate onto the foreland we assign ages of 90.5 Ma (Turonian) and 87 Ma (Coniacian) to the base of the Grey Flysch Group in MZ1 and PAS1 respectively (Fig. 4) .
Lithologically, the Grey Flysch Group is very heterogeneous, comprising limestones (bioclastic, calcarenites, glauconitic in places, often altered), calci-turbidites with olistoliths, hemipelagites (biomicrites), olistostromes and breccias (MCL1 and MCL3). Siliciclastic deposits consist of quartz arenites, litharenites and arkosic arenites often rich in mica with reported carbonaceous debris, conglomerates and shales. The succession is interpreted as predominantly turbiditic (MCL1) with reworked platform and slope failure deposits (Monod et al. 2014) . The lower Grey Flysch Group is made of the 'Flysch Gris' and 'Flysch à Fucoïdes' formations. Palaeocurrents in the 'Flysch à Fucoïdes' indicate an east to west axial transport (Monod et al. 2014) . In borehole MZ1 the lower levels of the Grey Flysch Group contain a fossil assemblage typical of inner platform (Nummulites sp., Fallotia sp., Vidalina sp., Cribrostromoïdes sp., Rotalia sp. and miliolids), whereas the upper levels contain outer platform assemblages including planktonic foraminifera (Globotruncana sp., keeled band morphotype and Heterohelicidae, biserial morphotype). The group therefore records an overall deepening history (Sliter & Baker 1972; Koutsouskos & Hart 1990; Hart 1999) .
Foreland basin stratigraphy: Upper Cretaceous-Cenozoic
Deposits younger than Santonian are observed only north of the North Pyrenean Frontal Thrust. From the Campanian to Late Maastrichtian (83.6-69 Ma) a deltaic system built from east to west into the deep Sub-pyrenean Trough that is partially preserved north of the North Pyrenean Frontal Thrust (Ricateau & Villemin 1973; BRGM et al. 1974; Dubois & Seguin 1978; Bilotte et al. 2005; Bilotte 2007 ). The sand-dominated Plantaurel Group in the east represents the fluvial to shallow marine delta-top environments. These pass westward into the deeper water and finer grained facies of the Petites Pyrénées Group. On our section line the Plantaurel Group overlies the Petites Pyrénées Group.
The Petites Pyrénées Group (regional age range Campanian-Late Maastrichtian; age range on section Early-Late Campanian, 83.6-75.3 Ma)
The Petites Pyrénées Group, commonly known as the Senonian Flysch (Flyschs sénoniens), consists mainly of marine calcareous shales with thin intercalations of sandstone (MCL1 and MCL2) and carbonates (marls). These facies record the deepest environments of the deltaic system building from the east ( prodelta hemipelagics and turbidites; Ricateau & Villemin 1973; BRGM et al. 1974; Dubois & Seguin 1978) . Fossil assemblages are poor in the Plagne Formation but the occurrence of planktonic foraminifera such as bicarinate Globotruncanca sp. in MZ1, Bulimina sp., Dorothia sp. and Verneuillina sp., and abundant Bathysiphon sp., a deep-water taxon (Sliter & Baker 1972; Hart & Bailey 1979; Jones & Charnock 1985; Koutsouskos & Hart 1990; Hart 1999) , in the lower levels in RI3 indicate middle to outer platform environments. Sedimentary facies indicate a shallowing history, particularly in the upper levels of the group, to middle to inner platform (Paris 1971; BRGM et al. 1974; Bilotte 1990 ).
Along the Sub-pyrenean Zone, the formations are, from east (Lavelanet anticline) to west (Saint Marcet anticline), the Saint Cirac, Plagne (on ECORS cross-section), Saint Martory and Saint Loup formations. To the west, the Saint Loup Formation is overlain by the Nankin Formation comprising bioclastic sandy limestones and marls (around 150 m; 'Calcaire Nankin') recording a shallowing-upward trend. On an east-west transect through the proximal foreland, the base of the group is synchronous (of Late Santonian to Early Campanian age) whereas the top youngs westward recording a prograding trend. The top of the Saint Cirac Formation is of Mid-Campanian age (78-77 Ma), the top of the Plagne Formation is of Late Campanian age (75.3 Ma; on ECORS section line), the top of the Saint-Martory Formation is of Early Maastrichtian age (71.5 Ma) and the top of the Nankin Formation is of end-Maastrichtian age (Paris 1971; Bilotte 1990; Bilotte & Andreu 2006; Monod et al. 2014) .
The Petites Pyrénées Group mainly crops out in the Sub-pyrenean Zone (Fig. 4) where its true thickness is difficult to measure owing to folding and thrust repetition (Baby 1989; up (Table 1) . Within a distance of 8 km, the thickness decreases northward to only 556 m in the PAS1 borehole ( Fig. 3) where its base has an age of 83.6 Ma (Fig. 4) . Our new interpretation of the ECORS seismic line (Fig. 5a) shows that, north of the Grey Flysch Group pinchout, PPG strata onlap directly onto the Palaeozoic basement of the Aquitaine platform (Fig. 5) . We assume that the base of the PPG gradually youngs northward, pinching out south of the LT1 borehole.
The Plantaurel Group (regional age range Campanianmid-Maastrichtian; age range on section Late Campanian to mid-Maastrichtian, 75.3-68.1 Ma)
In the study area, the Plantaurel Group comprises the Labarre Formation, characterized by quartzitic sandstones and conglomerates rich in fossilized plant debris deposited in tidal (Lower Labarre Bessiere et al. 1989) . The names Labarre and Alet are often used interchangeably, particularly in well logs (e.g. MZ1 and CZ1, where the Labarre Formation is named the Alet Formation; Fig. 3a ). In the east, an oyster-rich marl member (En Gauly Member), recording a coastal low-energy environment (such as an embayment), appears in the middle of the formation but disappears again to the west (between Lavelanet anticline and Mas d'Azil syncline). The Labarre sandstones represent the coarser, shallow marine to delta-top environments of the Petites Pyrénées deltaic system (Ricateau & Villemin 1973; Bilotte 1990 ). The group dies out to the west of the ECORS transect. The unit is assigned a palaeowater depth of between the base of the tidal and subtidal zone (50-25 m) and continental (0 m).
The base of the Labarre Formation is constrained by fossils at the top of the Nankin Formation (Rey et al. 1977) and its upper boundary on the section line is assigned an age of mid-Maastrichtian (68.1 Ma; Rey et al. 1977; Monod et al. 2014) . Along the ECORS line, the unit onlaps and thins very gradually northward (from a maximum of 521 m in MZ1; see seismic lines, Fig. 5 ) across the Aquitaine platform, pinching out at the southern margin of the Montgiscard High (Fig. 2a) . Assuming a constant onlap rate, we estimate the age of the base of the group to be 73 Ma in LT1 (158 m thick) and 68.5 Ma in MU103 (55 m thick, Table 1 ; Fig. 4) . The Aude Valley Group (regional age range Maastrichtian to Thanetian; age range on section, Late Maastrichtian to Selandian, 68.1-59.2 Ma) On a regional scale, the Aude Valley Group is characterized by continental clastic facies (C2). The whole of this group can be equated to the Garumnian facies of the eastern Pyrenees, defined as the continental deposits lying between the last marine sediments in the Upper Cretaceous and the first marine sediments in the Paleocene (Leymerie 1877; Tambareau et al. 1995; Pujalte et al. 2009 ). On an east-west transect through the proximal foreland, the group has both a diachronous base younging west (Early to Late Maastrichtian) and a diachronous top younging east (Early to Late Paleocene). It is laterally equivalent to and interfingers with the marine Rieubach Group to the west, which on our section line overlies the Aude Valley Group.
Along the ECORS section, the lower Aude Valley Group comprises the Mas d'Azil Formation consisting of red marls deposited on fluvial flood plains with channelized quartzitic sandstones and traces of lignite and gypsum (C2 LFA, water depth 0 m). These sediments were sourced from the east (Plaziat 1981) . To the west of the ECORS line, the same succession is known as the Auzas Formation (C2; Plaziat 1981; Bilotte & Andreu 2006) , which, to the west again, is laterally equivalent to, and partly overlies, the Nankin Formation (Petites Pyrénées Group). The Mas d'Azil and Auzas formations are both Late Maastrichtian in age (Bilotte & Andreu 2006) based on fauna in the interbedded marine members with boundaries assigned ages of 69 and 66 Ma on our section line (Fig. 4) .
The upper Aude Valley Group (Danian-Selandian on section line) is composed in the east of the Esperaza Formation made of red marls deposited in fluvial floodplain environments (locally defined Vitrolian facies). To the west, in the Mont du Plantaurel area (on our cross-section), the Esperaza Formation is replaced by the Entonnoir Formation comprising lacustrine micritic limestones (20-80 m; C3 LFA). To the west again, in the Petites Pyrénées, the Hauruc Formation is made of dolostones deposited in coastal environments (SM1 LFA). To the west again, in the Saint Marcet Anticline, the Cassagnau Formation comprises evaporitic deposits (SM2 LFA). The upper Aude Valley Group never exceeds 100 m in thickness.
On the section line the upper Aude Valley Group (Entonnoir Formation) is assigned a range of palaeowater depths of 0-10 m (lacustrine) and an age of 66-59.2 Ma. In the LT1 and MU103 boreholes the Aude Valley Group cannot be subdivided into distinct formations.
The Rieubach Group (regional age range Danian to Thanetian; age range on section, Thanetian, 59.2-56 Ma)
On a regional scale the Rieubach Group is characterized by marine deposits of Danian to Thanetian age that pass laterally to the east into the continental Aude Valley Group. Our cross-section crosses the area of transition where both groups are present with the Rieubach mainly above the Aude Valley Group. On the crosssection, the Rieubach Group is therefore restricted in age to the Thanetian (based on benthic foraminifera; Tambareau et al. 1995) . It can locally reach thicknesses of 200-300 m (Fig. 3) . The group is lithologically highly heterogeneous (red and grey marls, silty marls, bioclastic limestones, dolostones, sandstones and evaporites (MCF LFA) giving rise to numerous locally defined formations (Tambareau et al. 1995) . Only the main characteristics will be given here. During the Thanetian, the Sub-pyrenean Zone and the Carcassonne High were covered by a carbonate platform with an open sea to the west (Sub-pyrenean Zone, Saint Marcet Anticline), where the Rieubach Group mainly comprises marine to brackishwater limestones with sandstones at the base. To the east, in the Monts du Plantaurel, the group comprises lacustrine and marine limestones with numerous interbedded marls deposited in brackish environments. At the end of the Thanetian, a final westward progradation is recorded by a homogeneous bed of red marls and 'birds eggs conglomerates' deposited in fluvial environments, covering the entire study area. These variations in depositional environments record regression and transgression cycles that caused rapid east-west shifts in the coastline. The whole group corresponds to a third-order eustatic transgression-regression cycle (from the west) in which three higher order cycles were identified (Tambareau et al. 1995) . Rieubach Group fossil assemblages in CZ1 and RI3 include Miliolidae, Alveolinidae (Alveolina primaeva), Rotalidae, Discocyclina sp., Charophyta, Melobesia, bryozoans and corals, all indicating very shallow water depths. Miliolidae, Operculina sp., Turritella, echinoderm bioclasts, ostracods and encrusted Melobesia record inner shelf environments. Assigned palaeodepth ranges from 25 m for the base of the group shallowing to 0 m at the top.
The Coustouge Group (regional age range Ypresian; age range on section Ilerdian, 56-52.8 Ma)
On a regional scale, the Coustouge Group crops out in the Subpyrenean Zone and is known in wells in the Aquitaine platform. This very well studied, fossil-rich group (Tambareau et al. 1995) comprises limestones, marls and sandstones recording a major transgression-regression cycle.
Coming from the west, the marine transgression reached the Corbieres area in the east at the start of the Ilerdian. The basal Alaric Formation, well dated as lower Ilerdian (MCA1 and MCA2 LFA; locally known as 'Alveolina Limestones' or 'Basal Marine Limestone ', Massieux 1973; Plaziat 1981 ; AFm in Fig. 4 ), is made of homogeneous alveolina limestones passing to distal alveolina marls in the west (Tambareau et al. 1995) deposited in a few metres of water depth. The overlying Turritella Marl Formation (TFm in Fig. 4 ) consisting of grey marls (MCL2 LFA) is well dated as Early to Middle Ilerdian and contains gastropods such as Turritella and foraminifera (Nummulitidae, Alveolinidae) indicating deeper water (20-25 m), thus recording a modest increase in bathymetry (Tambareau et al. 1995) . Its top is diachronous, recording a progradation from the east. On the section line the depocentre of the Turritella Marl Formation is located in the Sub-pyrenean Zone (Plaziat 1981; Tambreau et al. 1995) and its thickness decreases northward (Fig. 4) . Small sandy deltas were supplied from the Montagne Noire massif to the north (Plaziat 1981 ; Fig. 1 ).
The overlying Vendémies Formation (VFm in Fig. 4 ; local name 'Oyster sandstones') consists of bioclastic sandy limestones and sandstones with foraminifera and oysters (SM1 LFA). This coastal clastic wedge prograded from east (Middle to Upper Ilerdian) to west (Cuisian). The fluvial part of the prograding wedge belongs to the overlying Carcassonne Group.
The thickness of the Coustouge Group varies greatly (20-400 m; Tambareau et al. 1995; Christophoul et al. 2003) , owing in part to the growth of synsedimentary folds in the Sub-pyrenean Zone (e.g. Montsec syncline and Lavelanet anticline; Tambareau et al. 1995) . On the section line four boreholes traverse the group, CZ1 (302 m) and PAS1 (402 m) in the Petites Pyrénées, and LT1 (108 m) and MU103 (88 m) on the Aquitaine platform. The group clearly thins northward to pinch out at the southern margin of the Montgiscard high (Figs 3 and 5) .
The Carcassonne Group (Late Ypresian to end-Chattian; locally, Late Ilerdian to end-Priabonian, 52.8-23 Ma)
At the end of the Ilerdian, sedimentation became predominantly continental in the eastern Aquitaine basin. The Carcassonne Group was deposited across the Sub-pyrenean Zone, the Aquitaine platform, the Montgiscard High (directly on basement) and the Lavaur basin (over Mesozoic strata; Fig. 5d ). The group reaches thicknesses of >2000 m on the northern flank of the Sub-pyrenean Zone (PAS1) and appears to thin northward to >600 m above the Lavaur basin (Fig. 3) . However, these are minimum estimates as its upper boundary is eroded across the foreland.
The lower Carcassonne Group comprises the Palassou Formation ('Formation des Poudingues de Palassou', Carcassonne Molasse), the laterally equivalent Lussagnet Formation to the west and the younger Castelnaudary Formation (Fig. 4) . Age constraints within these formations are very poor. However, they are assigned an age of Late Ypresian (Cuisian) to Priabonian (Marandat 1991; Crochet 1991) in the south, and Lutetian-Priabonian in the northern crosssection (Fig. 4) . The Palassou Formation crops out in the Monts du Plantaurel and in the Petites Pyrénées, the southern slopes of the Montagne Noire, around the edges of the Montgiscard High, the Lavaur Basin and in the western and central Aquitaine Basin (Figs 1  and 3 ). This formation consists of variegated mudstones and marls (C2) with variable volumes of conglomerates, sandstones (C1), carbonate-rich silts, and limestones (C3) and traces of anhydrite and gypsum all deposited in alluvial, fluvial, palustrine and lacustrine environments. Conglomerates (C1) occur mainly in the Subpyrenean Zone, adjacent to the thrust front where metre thick and several kilometres wide units of conglomerates alternate with decametre thick mudstone and marl units (C2). The C1 facies rapidly disappears northward (Figs 3 and 4) .
As mentioned above, the base of the Palassou Formation is a diachronous progradation surface younging west from Mid-to Upper Ilerdian (Lower Ypresian) in the Lavelanet area, base Upper Ypresian in the study area, to Lower Lutetian in the Saint Gaudens area. Crochet (1991) The upper Carcassonne Group is dominated by the Toulouse Formation (locally known as 'Molasses Toulousaines'; also described in boreholes as the Agenais Molasse, 'Formation des Molasses d'Agenais') comprising micaschist and quartz pebble and cobble conglomerates (C1), mica-rich sandstones, carbonate-rich siltstones, ochre to grey or multi-coloured marls, dolomites and limestones deposited in fluvial, palustrine and lacustrine environments (C2 and C3). Local proximal conglomerates, sourced from the Pyrenees, die out rapidly to the north (not on section line). The Toulouse Formation conformably overlies the lower Carcassonne Group in the Aquitaine Basin and can unconformably overlie folds in the Sub-pyrenean Zone (but not on this section line). Evidence of small marine incursions are recorded in the CZ1 borehole (echinoderm debris, ostracods, Rotalidae). Owing to the presence of vertebrate fauna, the Toulouse Formation has been dated as Oligocene, reaching in some places the earliest Miocene (Duranthon 1991) . In the study area, the Toulouse Formation is poorly dated and upper levels are eroded; however, available biostratigraphic dating (Duranthon 1991) indicates an Oligocene age. Observed thicknesses can reach 862 m (in MU103).
Structure of foreland and thrust belt

Lavaur basin and Montgiscard High
Lying to the north and west of the Toulouse Fault, the Lavaur basin belongs to the central compartment of the Aquitaine basin (Fig. 1) . Here, Triassic and Jurassic strata (including 100 m of Keuper evaporites) lie directly below the Carcassonne Group (Figs 3 and 6) . To the south, the Montgiscard High (Figs 1, 2 and 6a) represents the buried western prolongation of the Montagne Noire Variscan basement unit. Along the southern margin of the Montagne Noire massif (Fig. 1) , Thanetian to Bartonian strata are tilted 5°S, recording late uplift of the massif on the north-verging Mazamet Fault (Figs 1, 2 and 5d ; maximum displacement 1200 m). Few data exist on the age of this thrust, with differing estimates by Demange & Jamet (1986; post-Bartonian) and Mouline (1989; Ypresian to Bartonian) . Growth strata within the Carcassonne Group in the fault footwall (Mouline 1989) clearly indicate that it was active during deposition of this group (Fig. 4) .
A small local high exists at Muret just east of the Toulouse Fault ( Fig. 2 ; see drilling reports for boreholes MU101, MU103 and MU104). This is the only area with borehole data for the Aquitaine basin along the southern margin of the Montgiscard High. South of the Muret High, the northern terminations of the Rieubach, Coustouge and Carcassonne groups are vertically stacked. This feature and the MU103 borehole are projected eastward onto our section line.
Aquitaine platform
The stratigraphic architecture on the ECORS seismic line and the GV21 industrial seismic line ( Fig. 5a and b) were calibrated with borehole data using a velocity model derived from borehole depthvelocity plots (Serrano et al. 2006) . The ECORS seismic line was depth-migrated and used for cross-section construction. The foreland basin succession shows a classic wedge geometry thinning and onlapping northward onto Variscan basement (Fig. 5a, b Fig. 5a ). The seismic Moho also dips south starting at 10 s TWT at the northern end of the ECORS line and deepening to 12 s below the Sub-pyrenean Zone before stepping up to 10 s below the Trois Seigneurs massif (Daignieres et al. 1994; Chevrot et al. 2014) . Variscan basement exposed in the North Pyrenean massifs and in the Montagne Noire comprises magmatic and metamorphic units and their Palaeozoic (Cambrian to Permian) sedimentary cover (deformed and metamorphosed to lower greenschist facies in a series of SW-verging nappes). Borehole data (Fig. 3) indicate that the basement below the foreland basin is the same (Fig. 3) . A series of strong north-dipping reflectors in the upper crust below the Aquitaine platform (Fig. 5a ) are interpreted as south-verging Variscan thrusts, whereas south-dipping reflectors are interpreted as the infill of Permian or Stephanian rift basins Roure & Choukroune 1989 ).
Sub-pyrenean Zone
In the Sub-pyrenean Zone, the foreland succession is folded into a regional fold pair (Sabarat anticline, Mas-d'Azil syncline, Fig. 2b ) cut by the blind north-verging Sub-pyrenean Thrust (Figs 5 and 6a ; Déramond et al. 1993 ). These regional folds are particularly tight along the section line as it crosses the North Pyrenean Frontal Thrust salient, which 'indents' northward into the folds (Fig. 2a) . The Subpyrenean Thrust dips 45°S with a displacement of 800 m, soling out at the base of the Grey Flysch Group, directly above basement (Fig. 5d) . The Keuper evaporites do not occur in deep boreholes and therefore we consider it unlikely (but not impossible) that they occur north of the North Pyrenean Frontal Thrust (Souquet & Peybernes 1987 ; Figs 3 and 4) . The Sub-pyrenean Thrust tips out upward within the Carcassonne Group, which shows growth strata dating the deformation of the Sub-pyrenean Zone as late Ypresian (end Ilerdian) to Priabonian (Baby et al. 1988; Baby 1989; Crochet 1991) but mainly Bartonian (Crochet 1991) . Variations in thickness and dip in the Coustouge Group strata may indicate that deformation started even earlier, in the early Ilerdian (Crochet 1991) . Fold-fault relationships in the Sub-pyrenean Zone describe fault-propagation fold geometries. Surface data show that the south flank of the Mas d'Azil syncline is strongly overturned (Figs 5 and 6a) and cut by the North Pyrenean Frontal Thrust. Imbricate slices of this overturned fold limb (in Grey Flysch and Plantaurel Group strata) occur along the North Pyrenean Frontal Thrust (e.g. the Jeanne and Raynaude imbricates, Figs 2b and 5d ). This interpretation agrees with the sections of Souquet & Peybernes (1987) but not with the interpretation of Baby et al. (1988) and Roure & Choukroune (1989) , who depicted the Sub-pyrenean Zone as an antiformal stack of Plantaurel-Petites Pyrénées imbricates with a floor thrust at the top of basement and a folded roof thrust within or at the top of the Petites Pyrénées and Plantaurel groups. This model does not integrate the observed regional folding style and cannot explain overturned Grey Flysch and Plantaurel Group strata in the Petites Pyrénées (Deramond et al. 1993 ) and in North Pyrenean Frontal Thrust imbricates ( Fig. 2b ; Souquet et al. 1977) .
The Sub-pyrenean Zone and North Pyrenean Zone were sequentially restored to study the configuration of the early foreland basin and to relate basin evolution to major tectonic phases in the orogeny (Fig. 5d-f) . Total shortening in the Sub-pyrenean Zone is estimated as 3.7 km (17%). The restored section (Fig. 5e) shows a southward thickening wedge of Petites Pyrénées and Plantaurel groups.
North Pyrenean Zone
The Aptian-Albian Camarade Basin is inverted in the hanging wall of the North Pyrenean Frontal Thrust and restores to a half-graben geometry (Figs 5d-f and 7b; Baby et al. 1988; Déramond et al. 1990; Desegaulx et al. 1991) . This basin was infilled with the Aptian-Albian Black Flysch Group (2000-3000 m) comprising three fining-upward megasequences (Debroas 1990) , each with proximal marine breccias in the north passing to distal turbidites to the south. Breccias were sourced from the north and include large olistoliths of Palaeozoic basement lithologies Bilotte et al. 1987; Baby 1989; Debroas 1990 ). The Black Flysch Group is also preserved south of the Arize massif, in the Aulus and Oust-Soueix synclines (Figs 1, 2 and 5d ), where it is highly deformed, metamorphosed and probably allochthonous. In a 2-10 km wide zone, immediately to the north of the North Pyrenean Fault, Mesozoic sediments record HT-LP metamorphism, locally reaching 600°C (Metamorphic Internal Zone; Goldberg & Leyreloup 1990; Clerc & Lagabrielle 2014 ). This high-temperature event has been dated at around 105-85 Ma and was thus synextensional (Alberede & Michard-Vitrac 1978; Montigny et al. 1986; Clerc et al. 2015) . Associated K-magmatism is slightly older at 110-100 Ma; it was synchronous with hot-fluid circulation responsible for widespread rock alteration (metasomatism, albitization and dequartzification processes; Boulvais et al. 2006 Boulvais et al. , 2007 Poujol et al. 2010; Fallourd et al. 2014) . Peridotite clasts and olistoliths derived from subcontinental mantle occur within the Black Flysch breccias in the Aulus basin (Lagabrielle et al. 2010) . The association of deep-water turbidites with breccias rich in mantle and lower crustal material, HT metamorphism and magmatism has led to the interpretation of these depocentres as having developed on the distal edge of a hyper-extended rift system or in the more distal exhumed mantle zone (Vielzeuf & Kornprobst 1984; Lagabrielle & Bodinier 2008; Jammes et al. 2009; Lagabrielle et al. 2010; Clerc et al. 2012; Clerc & Lagabrielle 2014) .
Shortening in the North Pyrenean Zone along the ECORS line is difficult to estimate owing to the presence of these allochthonous intensely deformed units of the Metamorphic Internal Zone. Based on crustal-scale restoration, Roure & Choukroune (1989) proposed a shortening of 50-70 km for the European side of the ECORS line. Excluding the Metamorphic Internal Zone, restorations of the Arize and Trois Seigneurs massifs and associated Black Flych basins give minimum estimates between 25 km (this study) and 30 km (Baby et al. 1988; Munoz 1992) , most of which is taken up on the North Pyrenean Frontal Thrust. Alternatively, earlier workers interpreted these massifs as fully allochthonous inverted basement blocks (e.g. Souquet et al. 1977; Desegaulx et al. 1991) , linking back into the North Pyrenean Fault, implying higher Pyrenean shortening.
Interpretations of the ECORS deep seismic line have shown that the subvertical North Pyrenean Fault is not a crustal-scale fault but instead terminates downward against a zone of strong south-dipping reflectors that link northward to the North Pyrenean Frontal Thrust Roure & Choukroune 1989 ; RZ in Fig. 6a ). Their position corresponds to the eastern end of a prominent positive gravity anomaly known as the Saint Gaudins anomaly (Casas et al. 1997) . In most interpretations of the ECORS line this is interpreted as a lower crustal or mantle slice upthrust along the deeply rooted North Pyrenean Frontal Thrust Roure & Choukroune 1989; Munoz 1992; Casas et al. 1997 ).
Burial and exhumation of the North Pyrenean Zone
The timing of inversion of the North Pyrenean Zone is constrained by low-temperature thermochronology data and thermal modelling. Apatite fission-track (AFT) ages in the western part of the Arize basement massif (Lacourt granite) record cooling between 55 and 37 Ma (Fitzgerald et al. 1999; Sinclair et al. 2005) . New ZirconHelium, Apatite-Helium and Apatite Fission Track results also indicate that the main cooling event in the Arize and Trois Seigneurs massifs occurred between 50-48 and 33 Ma (Vacherat 2014; Vacherat et al. in preparation; Fig. 4 these values give an exhumation rate of 0.5 km Ma −1 on average with a peak of 1.6 km Ma (Crochet 1991; see above) . Before this main inversion event, the massifs lay at depths of between 2 and 3 km. As the Grey Flysch Group directly overlies Variscan basement, only Late Cretaceous sediments can have buried them. Based on these arguments, and our restoration of the ECORS section ( Fig. 5d-f ) , we propose that the North Pyrenean Zone was buried below the early (Late Cretaceous) foreland basin succession. The presence of outliers of the Grey Flysch Group (Mid-Cenomanian to Campanian) records turbidite deposition in a broad marine basin deepening southward from the Aquitaine platform across the North Pyrenean Zone and the northern Axial Zone (Bilotte et al. 2007 ). On the Aquitaine platform, the overlying fine-grained deep-water facies of the Petites Pyrénées (Campanian to Late Maastrichtian) Group show no southward coarsening toward the North Pyrenean Frontal Thrust. These strata were sourced principally from the east (Monod et al. 2014 , and references therein), indicating that no significant sediment source existed to the south. The restored cross-sections (Figs 5d-f and 7) therefore show the Petites Pyrénées-Plantaurel groups covering the North Pyrenean Zone (as previously suggested by Baby et al. 1988) . New Raman spectroscopy measurements of carbonaceous material from the Albian-Cenomanian strata of the Camarade basin record temperatures of 220°C (Vacherat 2014; Vacherat et al. in preparation) . Although the basin itself has a synrift succession of over 2-3 km, these temperatures imply that it must have been buried below an additional overburden of several kilometres (even with an elevated geothermal gradient). This overburden could only comprise Grey Flysch Group and the early (FS1) foreland basin successions (Figs 5d-f and 7a) with deposition continuing up to the Aude Valley Group.
Burial of the North Pyrenean Zone between 90 and 50 Ma is also recorded by ZHe data on the northern flanks of the Arize and Trois Seigneurs basement massifs (Vacherat 2014) . However, the southern flanks of these massifs record continuous cooling during the same period. Such contrasting thermal histories across relatively short distances in a foreland fold-and-thrust belt can be explained by active thrusting uplifting certain fault blocks while others continue to be buried (Baby et al. 1989) . It is reasonable to suppose that inversion started below the Late Cretaceous flexural basin, at some time in the Campanian or Maastrichtian (Figs 5f and 7a ). Similar behaviour is observed further west (Saint Gaudens) on wellconstrained seismic lines, which show that the equivalent (blind) thrust was active during deposition of the Petites Pyrénées Group and was sealed by its upper levels (Serrano et al. 2006; Rougier et al. 2014) . The early foreland basin is therefore represented as a marine wedge-top basin (Figs 5f and 7a ).
Subsidence analysis
One-dimensional subsidence analyses were carried out on the four boreholes that reach basement (MZ1, PAS1, LT1 and Mu103, Fig. 2 ). Together, these represent a complete history of the foreland basin along the ECORS transect. In borehole MZ1 stratigraphic repetition (owing to thrusting and folding) was corrected and the eroded part of the succession was reconstructed by eastward projection of the Aude Valley, Rieubach and Coustouge groups along the axis of the Mas-d'Azil Syncline (Fig. 2b) . Lithofacies associations, integrating data on palaeontology, palaeoecology and sedimentary structures, constrained palaeobathymetry estimates as presented above (water depth, Table 1 ).
We followed the decompaction-backstripping approach described by Steckler & Watts (1978) , Sclater & Christie (1980) and Gallagher & Lambeck (1989) . We use a porosity-depth (ϕ-z) relationship given as fðzÞ ¼ f 0 expðÀczÞ where ϕ 0 is the surface porosity and c is the compaction length scale, which is defined separately for different lithological types (Table 2) . To allow for variability in the downhole porosity and density we specify upper and lower bounds on the compaction and density parameters (Table 2) . Once an appropriate value was defined for a given lithology (Table 2 ) the surface porosity and density were given a range of ±10% and ±5% of these values, and the range on the compaction length scale was selected to allow a variation in the predicted porosity of ±5% at 3 km depth. The limits form these ranges on each parameter type. For each stratigraphic interval, the percentage of various lithologies (Table 1) was deduced from borehole data. We then calculated the decompacted thickness as the weighted average thickness estimated using the parameters for each lithological component, with the weighting being the proportion of each lithology in the formation (Fig. 6a) .
We used the standard backstripping procedure to estimate waterloaded tectonic subsidence (Fig. 6b) with local (Airy) isostasy, and the sea-level and water depth values given in Table 1 (with a mantle density of 3330 kg m −3 and water density of 1030 kg m −3 ). We used the eustatic curve of Van Sickel et al. (2004) for sea-level variations. We also chose combinations of the upper and lower limits from the ranges on each parameter to provide maximum and minimum values for the tectonic subsidence and decompacted sediment thickness. We allow for uncertainty in the stratigraphic ages of ±2 myr for all boundaries, except the base and top of the upper Carcassonne Group for which a larger uncertainty exists (±4 myr, Table 1 ). The results are presented in Figure 7b . The vertical uncertainty bars on tectonic subsidence curves are cumulative as one moves down the curve but the overall form of the subsidence curves does not vary signficantly with the assumed ranges of porosity and density parameters. In PAS1 and MZ1 the large uncertainty in the tectonic subsidence reflects primarily the uncertainty associated with water depth ( palaeobathymetry) for outer platform facies of the Late Cretaceous Petites Pyrénées Group, which was assigned a range of 100-200 m.
We also estimated the proportion of solid material (grains) by adjusting the present-day thickness of each formation to the equivalent of the zero porosity thickness. Dividing these solid grain thickness estimates by the duration of deposition (derived from ages at the top and base of each unit) allowed us to estimate the local sedimentation rate at the time of deposition. Again we calculate maximum and minimum values based on the ranges of the decompaction parameters. The results are presented in Figure 7c and are discussed below.
Discussion
Foreland basin evolution
Based on facies data, thicknesses, ages (Figs 3 and 4) , onlap history (Fig. 5c ) and subsidence curves (Fig. 6) presented above, the evolution of the eastern retro-foreland basin is divided into four phases.
FS1, Late Cretaceous foreland basin phase (earliest Campanian to end-Maastrichtian)
The preserved FS1 succession can be up to 3 km thick and records the coarsening-and shallowing-up evolution of a large deltaic system prograding westward to infill the Subpyrenean Trough (BRGM et al. 1974; Dubois & Seguin 1978; Bilotte et al. 2005; Serrano et al. 2006) . The end of this cycle is marked in the latest Maastrichrian by deposition of continental facies of the lower Aude Valley Group that covered the whole eastern orogen.
Toward the end of the Santonian (83-84 Ma) the onset of orogenesis is marked by accelerated tectonic subsidence in the distal basin (MZ1, Fig. 6b ) and a continuation of the post-rift subsidence rate in the more proximal basin (PAS1). Early FS1 is also characterized by high sedimentation rates (Fig. 6c) , deep-water facies and slow northward onlap migration (Fig. 5c) . Subsidence decelerated during deposition of the Plantaurel Group as facies shallowed. Sedimentation rate decreased while onlap accelerated, indicating a tectonically generated basin migration event. Finally, at the end of the Maastrichtian tectonic subsidence rate and sedimentation rate increased very briefly during deposition of the continental lower Aude Valley Group, but no northward onlap is recorded. This may record a climatic change that briefly increased sediment supply.
The FS1 succession exhibits two trends (BRGM et al. 1974; Bilotte et al. 2005) . First, a prograding trend from east to west records the progressive infill of the Sub-pyrenean Trough supplied from an eastern source. Second, a thinning and progressive onlap of the succession from south to north records the flexural response to Pyrenean orogenic loading. There is no evidence of a source area to the south during this period. Borehole locations are shown in Figure 2 . Cgl, conglomerate; Sst, sandstone; Lst, limestone; Shl, shale; Mrl, marl; c, coefficient of compaction.
Quiet phase (66-59.2, Danian to end-Selandian)
A quiet period with negligible tectonic subsidence (Fig. 6b) , very low sedimentation rate and no basin migration is recorded from Danian to Selandian (66-59.2 Ma). Fluvial and lacustrine facies (upper Aude Valley Group) were deposited across the northern foreland, indicating very low sediment supply. It appears likely that continental deposits covered the whole eastern Pyrenean orogen (Garumnian; Vergés et al. 2002; Christophoul et al. 2003) and passed westward into marine facies.
FS2, Eocene foreland basin (59-34 Ma, Thanetian to
Oligocene)
The second subsidence phase, FS2, initiated in the Thanetian ( Fig. 6a and b ) with a marine incursion (Rieubach and Coustouge groups) and records a shallowing-up succession during the Eocene and Oligocene. During deposition of the Rieubach and Coustouge groups the basin was repeatedly flooded from the west by thirdorder transgression-regression cycles. Small sandy deltas were built from the north (Montagne Noire) during deposition of the Coustouge Group, recording a relatively narrow basin. The basin rapidly became overfilled with the fluvial facies of the Carcassonne Group. Thick proximal conglomerates record the progressive unroofing of the orogen to the south. From early FS2, acceleration of tectonic subsidence (PAS1, Fig. 6b ) was associated with increasing sedimentation rate (the rate of acceleration decreasing northward; Fig. 6c ). In wells LT1 and Mu103 further north, subsidence acceleration began later around 51.9 Ma. During late FS2 tectonic subsidence remained relatively high, reaching the same rates as during the FS1 phase. The northern basin margin was static at the beginning of FS2 but then migrated very rapidly north at the beginning of the Carcassonne Group to cover the Montgiscard High and the Lavaur Basin (Figs 2b and 5c ). This poorly dated phase of basin enlargement is a regional 3D phenomenon that requires clarification.
A phase of foreland shortening began in the Ypresian and propagated rapidly northward, inverting the North Pyrenean Zone and shortening the Sub-pyrenean Zone. Foreland basement uplifts developed synchronously across the Carcassonne High and Montagne Noire, obscuring evidence of late basin migration (Christophoul et al. 2003) .
Late to post-orogenic phase (Oligocene-Miocene)
Researchers have generally stated that plate convergence and deformation in the northern Pyrenees ended around 30-28 Ma (Rupelian-Chattian boundary; Rocher et al. 2000) . In the southern pro-wedge differential exhumation continued until at least 20 Ma in the Barruera (Sinclair et al. 2005) and 19 Ma in the Bielsa massif (Jolivet et al. 2007) In the eastern Aquitaine basin, deposition of the finer grained fluvio-lacustrine upper Carcassonne Group (sourced from the orogen) continued across the whole foreland at least to the base of the Miocene, recording a subsidence rate similar to that of the lower Carcassonne Group (Fig. 6b) . Although dating of the upper Carcassonne Group is poor and preservation is incomplete, these preliminary results indicate that significant subsidence continued in the northern foreland into the Miocene. Further to the east, the Gulf of Lion began to open from the Late Rupelian (30 Ma) onwards owing to back-arc extension (Séranne 1999) . In particular, the Valencia Trough initiated at the end of the Chattian (around 24 Ma; Janssen et al. 1993) , uplifting the eastern end of the Pyrenean orogen. Based on detrital thermochronology around the Lavelanet anticline 30 km to the east of the ECORS line, Mouthereau et al. (2014) estimated that a thickness of c. 1.5 km has been eroded from the Sub-pyrenean Zone since 30 Ma.
Linking foreland basin evolution to orogenesis
The above analyses were integrated into a sequential restoration of the northern part of the ECORS profile to identify the nature of the loads that generated the two foreland subsidence phases (FS1, FS2) and to integrate foreland basin behaviour into a coherent regional orogenic history (Figs 5d-f and 7) . The large-scale crustal geometries are derived from the sequential restorations of Mouthereau et al. (2014) that integrate cooling histories from low-temperature thermochronology data. Their sections have been revised to integrate the more detailed foreland behaviour defined in this paper.
Pre-orogenic crustal template
The cross-section in Figure 7b represents the European crustal template just before the onset of Pyrenean convergence (c. 84 Ma). The presence of a hyper-extended rift system has been well established by recent research (Lagabrielle & Bodinier 2008; Jammes et al. 2009; Lagabrielle et al. 2010; Tugend et al. 2014; Clerc et al. 2015) although its geometry is as yet poorly constrained. Although respecting area balancing rules, the geometry of crustal thinning structures represented here was inspired by recent studies of modern passive margins (Sutra et al. 2013; Tugend et al. 2014) . The necking domain (Tugend et al. 2014 ) was estimated to be 25 km wide and the hyper-thinned domain to be 20-25 km wide . The exhumed mantle domain was estimated by Mouthereau et al. (2014) to be 50 km wide; however, only 10 km are shown on this restoration as we focused on the northern margin (Fig. 7a) . By 84 Ma the rift system had undergone around 20 myr of post-rift thermal subsidence that would have affected both Iberian and European margins and the intervening marine basin. The system was therefore not fully thermally re-equilibrated before the onset of orogenesis. A bathymetry of 500 m is estimated for the distal upper Grey Flysch Group, which is given a thickness of 1000 m. To the south, lithospheric mantle was exhumed on extensional décollements and overlain by a Triassic to Aptian-Albian sedimentary succession affected by high-temperature metamorphism. Exhumed mantle lithologies in breccias and in local fault blocks in the hyper-extended zone will become the peridotites of the North Pyrenean Zone (Lagabrielle & Bodinier 2008; Lagabrielle et al. 2010; Clerc & Lagabrielle 2014) . The Aptian-Albian Black Flysch basins (Camarade, Oust-Soueix, Aulus) are positioned from proximal to distal with increasing thermal gradients toward the south. The original First phase of orogenesis Figure 7a represents the end of the early foreland basin phase (FS1; c. 66.0 Ma). This section lies between the Campanian and the Early Paleocene restorations of Mouthereau et al. (2014) for which they estimated 50 km of plate convergence to close the exhumed mantle domain, thus bringing the two rifted margins into contact at around 70 Ma. They estimated that around 20 km of north-south shortening occurred during early collision. We propose here that sedimentary packages incorporating blocks of crust and mantle material and breccias that originally overlay the hyper-extended and exhumed mantle zones were detached and deformed into a submarine (low alpha angle) double wedge, (between points A and B in Fig. 7a ). This double prism overthrust both to the south and to the north and may have been considerably larger than represented here. Remnants of this unit are today preserved in the inner North Pyrenean Zone including the Metamorphic Internal Zone (but not exclusively). Thick-skinned convergence inverted Aptian-Albian basins both to the north (described above) and to the south. This early inversion is recorded in early (70-75 Ma) LT thermochronology cooling histories from the North Pyrenean Zone and also in the cooling ages in the Agly and Salvezines basement massifs to the east of the ECORS line (Ford et al. in preparation) . On the Iberian plate, Campanian deformation (c. 72 Ma) is recorded in the Organyà basin and on the Boìxols thrust (Bond & McClay 1995; Rahl et al. 2011) and by the exhumation of the Gavarnie-Nogueres unit in the Axial Zone (Filleaudeau et al. 2011; Whitchurch et al. 2011) . On the northern side, the North Pyrenean Frontal Thrust became active at this time, linking southward to the main crustal fault that carried a slice of lower crust-upper mantle northward (RZ in Fig. 7a ). This tectonic slice corresponds to the high-density Saint Gaudens body and the strong, south-dipping reflectors on the ECORS line (RZ in Fig. 5a and d ; Roure et al. 1989) . The weak distal margins of both plates were thus loaded to generate significant flexural subsidence probably combined with a component of continuing thermal subsidence. The flexural basins also incorporated a significant inherited bathymetry. Sediment was supplied from the east, with similar facies deposited in Iberian and European depocentres (see Vergés et al. 1998, for Spanish side) . This FS1 cycle ended with deposition of continental facies (Aude Valley Group), probably across the whole eastern orogen (Fig. 7a) . Early inversion of the distal margins took place below actively subsiding foreland basins in a wedge-top setting (DeCelles & Giles 1996) .
The flexural basins on both plates are estimated to have been no more than 50-60 km wide, which is very narrow in comparison with other foreland basins. According to DeCelles (2011) , foredeeps on broken plates range in width from 110 to 350 km, and foredeeps on continuous plates from 170 to 515 km. We conclude that very narrow flexural basins are generated when weak hyper-extended distal margins are inverted and loaded. 
Intermission
The Paleocene quiet period lasted some 9 myr and has been identified across the Pyrenees (Whitchurch et al. 2011; Mouthereau et al. 2014) . The cause of this cessation of convergence may be local (i.e. within the orogen itself ) or due to more regional plate movements. The fact that this quiet phase is recognized everywhere in the orogen allows us to discount its interpretation as the onset of steady state, in which case the southern pro-wedge would record coeval acceleration of subsidence and deformation. Several plate reconstructions for the European Alpine domain show a period of near-zero plate movement at this time (Dewey et al. 1989; Rosenbaum et al. 2002; Rosenbaum & Lister 2005) . Alternatively, Mouthereau et al. (2014) suggested that this slowdown may be due to the transfer of deformation out of the orogen southward into the Iberian ranges during this period. However, a higher resolution study of the coupled growth of the two wedges is required to more clearly distinguish the roles of intraorogenic and extra-orogenic parameters.
Second phase of orogenesis
The Eocene subsidence phase (FS2) was clearly coeval with a major period of crustal thickening, emergence and unroofing of the mountain belt, as recorded by LT thermochronology. Foreland basin subsidence accelerated at around 59 Ma. Whereas the northern basin margin remained static during Thanetian and Early Ypresian time, it subsequently migrated very rapidly northward during deposition of the Carcassonne Group (Fig. 5c) . Emplacement of the dense mantle or lower crustal slice to mid-to upper crustal level along the North Pyrenean Frontal Thrust (Muñoz et al. 1986; Casas et al. 1997 ) may have stimulated this rapid foreland basin migration and acceleration in subsidence in the eastern Pyrenees (Figs 5c and 6 ). Gentle but significant thick-skinned shortening occurred far into the foreland (at least to the Montagne Noire uplift). This thick-skinned style of distributed foreland deformation is restricted to the east of the Toulouse Fault, probably owing to local crustal structure and rheology.
Whereas erosion of orogen relief mainly supplied the southern pro-wedge foreland basin system, significant sedimentation continued in the retro-foreland basin during the Oligocene, where this period is generally considered as post-orogenic. Although slowing down slightly, tectonic subsidence continued during deposition of the upper Carcassonne Group (Fig. 6b) , suggesting that the European plate continued to experience tectonic loading.
In summary, our model agrees with Mouthereau et al. (2014) and Vergés et al. (2002) in identifying an early phase of convergence (FS1; 83-70 Ma) as the period of most rapid plate convergence, in agreement with plate reconstructions of Rosenbaum et al. (2002) and in contrast to the reconstructions of Beaumont et al. (2000) and Vissers & Meijer (2012a,b) . The quiet period (66-59 Ma) coincides with a marked slowdown in Pyrenean shortening either owing to plate reconfiguration (Rosenbaum et al. 2002) or possibly because deformation was transferred into adjacent plates . Vissers & Meijer (2012a) proposed the opposite, an initially slow convergence that accelerated at 60 Ma and then again at 40 Ma. We see no evidence to support this model in the eastern Aquitaine basin history.
Retro-wedge behaviour in the eastern Pyrenees
The characteristics of the eastern Aquitaine basin are here compared with retro-wedge behaviour as described by Sinclair et al. (2005) and Naylor & Sinclair (2008) . The basin certainly contains a full sedimentary record of the orogenic history from end-Santonian to Oligocene-Miocene time (duration 54 myr) but the upper part of the succession is not condensed with respect to the rest of the succession as predicted by the retro-wedge model. Deformation was certainly thick-skinned and shortening was low compared with the Southern Pyrenean pro-wedge. However, deformation in the retro-wedge was not restricted to earlier phases of orogenesis but spanned the full history of convergence. In addition, deformation migrated northward as opposed to the largely static behaviour predicted in the model. We have shown that true basin migration (i.e. not caused by sediment loading), albeit modest, occurred during both the first and second phases of orogenesis but no migration occurred during the Paleocene quiet phase (Fig. 6) . It is clear therefore that the retro-wedge remained active during the Fig. 7 . Restorations of the northern (European) side of the ECORS lithospheric cross-section to (a) end of the first foreland basin phase (FS1) and (b) the pre-orogenic crustal template (end-Santonian). Section (a) corresponds to the section in Figure 5f . O, Orri Iberian tectonic unit; N, GavarnieNogueres Iberian tectonic units ; AZ, Arize massif; 3S, Trois Seigneurs Massif; Cm, Aptian-Albian Camarade Basin. The Metamorphic Internal Zone (MIZ) represents the deformed and metamorphosed early orogenic prism comprising the cover of subducted mantle and the most distal parts of the hyper-extended zones of both plates. This prism would include blocks and breccia clasts of mantle and continental crust lithologies.
main phase of pro-wedge activity, in contradiction to numerical models.
The complete basin history records a c. 50 myr regressive cycle from underfilled to overfilled, incorporating two higher order regressive cycles (lasting 16 myr and 25 myr respectively). It should be noted that tectonic subsidence rates in this eastern part of the basin were always very low (Fig. 6) . During the first cycle, tectonic subsidence accelerated in a classical foreland basin style (Allen et al. 1986) , dropping abruptly to near zero during the 9 myr Paleocene quiet phase. The second phase is less well constrained in time but the same subsidence rates appear to have been sustained throughout the Oligocene. This retro-foreland basin therefore does not show a constant rate of tectonic subsidence as proposed by numerical models, which consider one phase of convergence (Naylor & Sinclair 2008) . The two-phase basin history observed in the eastern Pyrenees may be due to a more complex plate convergence history (e. g. variations in plate movement vectors) or to the emplacement of additional loads (e.g. dense bodies) into the upper crust. Sinclair et al. (2005) and Naylor & Sinclair (2008) identified growth and steady-state phases of orogenesis in the western Aquitaine basin. We have not been able to distinguish these phases in the eastern Aquitaine basin. We suggest that this may be due to slow and modest plate convergence, which meant that the eastern Pyrenean orogeny never matured to a steady-state configuration.
Conclusions
A new analysis of foreland basin stratigraphy, structure and subsidence along the ECORS transect in the retro-wedge of the eastern Pyrenees reveals the following history and character.
(1) The foreland basin records a c. 60 myr history and was infilled with up to 5 km of mainly clastic, relatively finegrained, sediment. (2) Overall, the basin fill records a classic regressive (underfilled to overfilled) history, incorporating two shallowing-up cycles (Latest Santonian-Danian, Thanetian-Oligocene). These two phases of low but accelerating tectonic subsidence (FS1, FS2) are separated by a phase of very low to near-zero subsidence. (3) The early (FS1) foreland basin was a deep-water depocentre supplied from the east that records accelerating northward migration onto the foreland. (4) We propose that the FS1 basin developed on the narrow hyper-extended margin during early convergence. The basin probably continued southward across the Iberian margin. It is now largely destroyed above the North Pyrenean Zone but its presence is recorded in lowtemperature thermochronology data. The early Pyrenean orogenic wedge was thus submarine. (5) Continental conditions were established across the eastern orogen only in the Late Maastrichtian. These fine-grained fluvial sediments were the last to be supplied from the eastern source area. (6) The Paleocene quiet phase, lasting some 9 myr, is recorded in both the northern and southern Pyrenees. In the retrowedge tectonic subsidence stopped, basin margin migration stopped and clastic supply to the basin was minimal. This lull in tectonic activity may have its origin in the reconfiguration of tectonic plates in the west Mediterranean region or (temporarily) in a more diffuse distribution of deformation within adjacent plates. (7) During the second phase (FS2) subsidence again accelerated. The basin was now supplied from the south, recording the emergence and exhumation of the Pyrenean edifice. The coeval main shortening phase in the North Pyrenean Zone and foreland lasted some 25 myr. (8) Significant tectonic subsidence continued during the Oligocene and probably into the Miocene, indicating that orogenesis was not yet terminated. (9) The early deformation phase (during FS1) inverted the distal rift zone but is as yet poorly constrained. Convergence associated with this first orogenic phase is difficult to estimate. (10) North-south shortening during the FS2 phase inverted the proximal rift zone, mainly the North Pyrenean Frontal Thrust that emplaced a high-density body into the upper crust. Gentle thick-skinned deformation migrated across the whole foreland, creating basement uplifts. (11) Total FS2 shortening was low in the retro-wedge (25-30 km), reflecting low plate convergence and slow orogenesis. (12) The eastern Aquitaine basin shows many of the characteristics of retro-wedge systems predicted by numerical models. However, it differs in several fundamental ways. In particular, subsidence and deformation continued throughout orogenesis so that growth and steady-state phases cannot be distinguished as predicted. We suggest therefore that the eastern Pyrenean orogen never reached a steady-state configuration.
